Two experiments were conducted to determine the 1ysine:DE ratio that would maximize nitrogen retention and lean growth in growing pigs. Diets were formulated to contain 2.5, 3.0, 3.5, or 4.0 g of lysine/Mcal of DE at 3.5 and 3.75 Mcal of DE/kg of diet arranged in a 4 x 2 factorial. Experiment 1 used 48, 20-kg crossbred barrows in a nitrogen balance study. Feeding diets containing 3.75 Mcal of DEkg of diet resulted in higher ( P < .01) nitrogen digestibility and retention as well as higher energy and DM digestibility. In diets containing 3.5 Mcal of DEkg, increasing the 1ysine:DE ratio had no effect on nitrogen retention, but an increase up to 3.0 g of lysine/Mcal of DE was observed at the 3.75 Mcal of DE level. In Exp. 2, 96 individually housed growing crossbred barrows and gilts were used to determine lean and growth performance to the diets fed in Exp. 1 in a 4 x 2 x 2 factorial arrangement of treatments. Weight gain was unaffected by dietary treatment. A reduction ( P < .O 1) in feed intake and an improvement ( P < .05) in feed efficiency was observed as the DE level increased. Increasing the 1ysine:DE ratio to 3.0 t o 3.5 g of lysine/Mcal of DE increased ( P < .05) the rate of fat-free lean and empty body protein gain and the weight of fat-free lean at 50.9 kg increased ( P < .O 1 ) with increasing 1ysine:DE ratio regardless of sex or energy level. Tenth rib fat depth and rate of fat gain were unaffected by 1ysine:DE ratio but increased ( P < .05) in response to increasing the DE concentration of the diet. These results indicate that the optimum 1ysine:DE ratio for maximum nitrogen retention and lean growth of the 20-to 50-kg pig is approximately 3.0 g of lysine/Mcal of DE.
Introduction
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J. h i m . Sci. 1994 . 72:2887 -2895 Taverner, 1986 Chiba et al., 1991a) . Research also has suggested that feed intake in the growing pig may be limited by stomach capacity and, therefore, dietary DE levels may need to exceed 3.4 Mcal of DE/kg to supply sufficient digestible energy to achieve the genetic potential for lean growth (Campbell and Taverner, 19 8 6 ) .
Amino acids and energy are closely related; therefore, expressing the lysine requirement in terms of a 1ysine:DE ratio may be more appropriate than expression as a percentage of diet or an amount per day (NRC, 1988) . Several investigators have attempted to elucidate the relationship between energy level and dietary protein needs of the growing pig (Cooke et al., 1972a,b; Lodge et al., 1972a,b; Campbell et al., 1985) as they relate to growth and carcass composition and have concluded that maximal protein deposition and carcass lean content a t 50 kg requires a 17 t o 18% CP diet, regardless of energy level. More recent studies explored the relationship between amino acids and dietary energy (Batterham et al., 1985; Giles et al., 1986 Giles et al., , 1987 Chiba et al., 1991a,b; Gate1 and Grosjean, 19921 , with maximum performance occurring when pigs were fed 2.9 to 3.0 g of lysine/Mcal of DE. Because of the differences in the experimental protocols of the various investigations, it is difficult to draw definitive conclusions about an optimum 1ysine:DE ratio for the growing pig. The objective of this study was to determine the 1ysine:DE ratio, at a relatively constant CP level, that would maximize nutrient digestibility and lean tissue accretion in the growing pig fed highenergy diets.
Materials and Methods
Experimental Diets. Two corn-soybean meal basal diets were formulated to contain 2.5 g of 1ysineMcal of DE at 3.5 and 3.75 Mcal of DE/kg (Table 1) . Diets were formulated on a calculated basis using values for swine from NRC (1988) . Additional calculated lysine: DE ratios of 3.0, 3.5, and 4.0 g of lysine/Mcal of DE were attained by the substitution of crystalline lysine, as L-lysine.HC1, for cornstarch. Analyzed CP levels were similar to calculated values and ranged from 17 to 18%; however, analyzed amino acid levels (Table 2 ) were lower than expected. Slight substitutions of lard for cornstarch were necessary to maintain isocaloric diets within energy level. Diets were formulated such that calcium and phosphorus, as well as all essential amino acids with the exception of lysine, were present at a minimum of 110% of the NRC (1988) recommendation and were similar across all dietary treatments. Diets described above were used in the nitrogen balance and the lean growth performance studies.
Nitrogen Balance. Forty-eight medium lean genotype crossbred barrows, average initial weight of 21.4 kg, were used in a 4 x 2 factorial treatment arrangement (four 1ysine:DE ratios 2.5, 3.0, 3.5, and 4.0 g of 1ysineMcal of DE; two energy levels, 3.5 and 3.75 Mcal DEkg of diet) in a completely randomized experimental design. The eight dietary treatments were replicated six times; barrows were allotted to treatment on the basis of initial BW. Barrows were housed individually in .83-m x .71-m stainless steel metabolism cages in an environmentally controlled room and allowed access to water ad libitum through a nipple waterer. Barrows were fed twice daily (0600 and 1800) and allowed 5 d to adjust to the diet. During the adjustment period, a daily DM intake equivalent to 4.75% of initial BW was achieved. The diet adjustment period was followed by 5 d of fecal and urine collection. Ferric oxide was used as an indigestible marker to signal initiation and termination of fecal collection. Feces were collected twice daily. Urine was collected continuously over the 5-d collection period in a plastic collection vessel to which 10 mL of sulfuric acid was added daily. Urine volume was measured and recorded daily and a 30% aliquot was taken. All samples were stored at -18°C until the end of each period. Fecal samples were thawed, mixed thoroughly, and a 20% subsample taken and dried at 65°C before it was ground in a Wiley mill through a 1-mm screen in preparation for proximate analysis. At the end of each period, urine samples were thawed and strained through glass wool before analysis for nitrogen. Nitrogen analysis of feed and excreta was by the macro-Kjeldahl method (AOAC, 1980) and analysis of GE was by adiabatic bomb calorimetry.
Growth Performance, Ninety-six crossbred barrows and gilts of a medium lean genotype, average initial BW of 21.4 kg, were used in a 4 x 2 x 2 factorial arrangement in a randomized complete block design experiment of the four 1ysine:DE ratios, two energy levels previously defined in the nitrogen balance experiment and sex. Pigs were randomly allotted to treatment and pen from uniform blocks based on sex and initial weight. Pigs were housed individually in 1.72-m x .83-m pens in a totally enclosed facility with slatted-concrete floors. Pigs were allowed ad libitum access to feed and water. Pigs and feeders were weighed weekly, and BW gain, feed intake, and gain: feed ratio ( G:F) were calculated. Pigs were removed from the growing phase diets and five barrows and five gilts per treatment were evaluated for body composition using measurements obtained by realtime ultrasound and bioelectrical impedance a t a mean weight of 50.9 kg. Equations relating real-time ultrasound and bioelectrical impedance measurements of dissected fat-free lean were generated in a large cooperative trial at Purdue University (Schinckel 1991, unpublished data) and were used for calculation of fat-free lean and fat content of the 50-kg pig in this experiment. Fat-free lean of the 20-kg pig was determined using equations from Brannaman et al. (1984) that related BW to fat-free lean.
Statistical Analysis. Data were analyzed using the GLM procedures of SAS (1990) ; individual pig served as the experimental unit in each study. Data were analyzed for the main effects of sex, DE level, and 1ysine:DE ratio as well as all interactions. Linear and quadratic contrasts were used to examine responses to 1ysine:DE ratio within energy level for the nitrogen balance study. Linear regression was used to evaluate the effect of increasing DE intake, or nitrogen intake, on nitrogen retention at each 1ysine:DE ratio. A onetailed Student's t-test was used to determine whether the slopes of the relationships between nitrogen retention and energy intake as well as nitrogen retention and nitrogen intake were different among 1ysine:DE ratios.
Results
Nitrogen Balance. Energy and DM digest,ibility values (Table 3 ) were somewhat lower than those assumed by NRC (1988) (Table 2 ). Due to the increase in energy and DM digestibility as the DE Initial BW and DM intakes as a percentage of BW were similar across treatments. The slightly higher protein content of the higher DE diets resulted in a higher ( P < .05) nitrogen intake (Table 3 ) over the 5-d experimental period. Nitrogen digestibility increased as the energy density increased from 3.5 to 3.75 Mcal of DEkg ( P < .01). Apparent nitrogen retention also increased by a n average of eight percentage points across all 1ysine:DE ratios tested as the dietary DE concentration increased from 3.5 to 3.75 Mcal of DEkg of diet.
Although increasing the 1ysine:DE ratio did not affect overall nitrogen retention, or nitrogen retention at 3.5 Mcal of DE, a curvilinear response (linear P < .01, quadratic P < .05) to increasing 1ysine:DE ratio Figures 1 and 2 describe the relationship between nitrogen retention and DE intake and between nitrogen retention and nitrogen intake, respectively, as influenced by the calculated 1ysine:DE ratio of the diet. The slope of the linear relationship between nitrogen retention and DE intake (Figure l ) , as well as between nitrogen retention and nitrogen intake (Figure 21 , was greatest for pigs fed 3.0 g of lysine/ Mcal of DE. The slope a t 3.0 g of lysine/Mcal of DE was different from that a t 2.5 g of lysinehlcal of DE ( P < .05) and numerically greater than the slopes a t 3.5 and 4.0 g of 1ysineNcal of DE. These results indicate that the maximal nitrogen retention, and therefore rate of protein deposition in barrows a t a specific nitrogen intake, may be achieved by feeding a diet containing 3.0 g of 1ysineNcal of DE. Further research is necessary to determine the effect of the 1ysine:DE ratio on nitrogen retention for pigs with ad libitum access to feed.
Growth Performance. Pigs were fed the growing diets a n average of 32 d (Table 4 ) to a mean weight of Body Composition and Gain from 20 to 50 Kilograms. The average fat-free lean content at 20 kg was 6.9 kg. Fat-free lean and empty body protein content at 50 kg (Table 5 ) were maximized ( P < . O l ) by feeding 3.0 to 3.5 g of lysineNcal of DE regardless of sex or energy level. Lean and protein deposition rates responded quadratically to increases in the 1ysine:DE ratio ( P < .01) regardless of sex or energy level; they increased as the 1ysine:DE ratio increased from 2.5 to 3.0 g of 1ysineNcal of DE and declined from 3.5 to 4.0 g of lysine/Mcal of DE, with a maximum deposition rate achieved at the intermediate 1ysine:DE ratios. The rate of fat deposition was unaffected by the lysine: DE ratio; however, a numerical increase was observed a t a 1ysine:DE ratio of 3.5 g of lysine/Mcal of DE, which also resulted in the highest rate of lean and protein deposition. These data suggest that as the rate of lean deposition increases, there may be a concomitant increase in the rate of fat deposition. Longissimus muscle area was unaffected by sex or dietary treatment. Fat composition at 50 kg (Table 6 ) was unaffected by 1ysine:DE ratio. Tenth rib fat depth was greater ( P < .01) for barrows than for gilts and increased ( P < .O 1) as the dietary DE concentration increased. Last rib fat depth tended to increase ( P < . l o ) as the DE level increased; barrows had a greater fat depth than gilts ( P < .05). Although the rate of fat deposition increased ( P < .05) from 191 to 210 gfd in response to increasing DE concentration, only a numerical trend ( P < .lo) for an increase in total fat in response to increasing DE concentration was observed. Rate of fat deposition and total fat were similar for barrows and gilts. Although sex differences in the rate of lean and fat deposition were not detected, sufficient numerical responses were present to result in a greater ( P < .05) 1ean:fat ratio for gilts than for barrows, 1.64 and 1.48, respectively. Increasing the DE concentration of the diet from 3.5 to 3.75 Mcal of DE tended ( P < .lo) to decrease the 1ean:fat ratio from 1.63 to 1.49.
Discussion
The reductions in daily feed intake with increases in DE concentration observed in the growth performance experiment are in agreement with the results of previous authors who have attributed similar reductions in feed intake to increases in the DE content of the diet (Campbell and Taverner, 1986; Hale and Utley, 1986) . The daily DE intakes observed in this study are also in agreement with the data of Campbell and Taverner (19861, which suggests a daily DE requirement for the growing pig of 29 to 31 MJ/d, or 6.9 to 7.4 Mcal of DE/d. Furthermore, these data on feed and DE intakes indicate that the feed intake necessary to achieve the daily DE intake requirement for optimal lean growth from 20 to 50 kg is within the ingestive capacity of the growing pig. Therefore, sufficient amino acids must be present in the diet such that the utilization of DE for fat deposition is minimized.
Although gain was unaffected by dietary treatment, increases in the rate of gain in response to increases in 1ysine:DE ratio have been reported (Campbell et al., 1985; Fuller et al., 1986; Gate1 and Grosjean, 1992) ; growth rate was maximized between 3.0 and 3.4 g of 1ysineMcal of DE. Increases in growth rate also have been observed by previous researchers as the feeding level or DE concentration of the diet increased (Campbell and Taverner, 19861 , whereas others (Chiba et al., 1991a) did not observe any effect of DE level on gain. The failure to observe a response in rate of weight gain due to increases in the 1ysine:DE ratio may be attributed to the level of lysine used in the basal diet already exceeding current recommendations (NRC, 1988) for maximal growth rate or another amino becoming limiting at the 1ysine:DE ratio, which resulted in the greatest numerical increase in rate of gain. This may also partially explain the failure to see a further increase in lean and protein deposition rates. Although all amino acids were present in the diet in excess of current NRC (1988) recommendations, some amino acids may have been deficient at the 3.5 g of 1ysineMcal of DE level using the ideal amino acid pattern of Chung and Baker (1992) as the basis for amino acid requirements.
A portion of the increases in nitrogen retention observed in the nitrogen balance experiment in response to increasing DE concentration may have been due t o the increased nitrogen intake at the 3.75 Mcal DE level compared with the 3.5 Mcal DE level (Berschauer et a] ., 1983). The effect of DE level on nitrogen digestibility may also be explained in part by the slower rate of passage of high-fat diets through the digestive tract, therefore increasing the opportunity for nutrient absorption, or the increased utilization of ME associated with fat addition ( J u s t et al., 1982a), which may lead to more efficient utilization of other nutrients.
The increases in apparent nitrogen retention observed in the nitrogen balance experiment in response to altering the 1ysine:DE ratio seemed to be manifested in an increase in the rate of lean growth. The increase in the rate of lean deposition to 3.0 to 3.5 g of lysine/Mcal of DE (Table 5) Table 3 ) . The numerical increase in nitrogen retention in response to increasing 1ysine:DE ratio at 3.5 Mcal of DE also was reflected in numerical increases in the rates of lean and protein deposition.
The increase in lean growth rate and rate of protein deposition (Table 5 ) in response to 1ysine:DE ratio also reflected the numerical decrease in urinary nitrogen loss (Table 3 ) and overall improvement in apparent nitrogen retention observed in Exp. 1. Fuller et al. (1987) observed similar decreases in urinary nitrogen loss measured as urea synthesis; however, the authors did not report any differences in the rates of protein synthesis. These results indicate that the rate of protein synthesis or degradation may be altered by inclusion of the first-limiting amino acid in the proper ratio of DE at higher energy levels when energy and protein are no longer the limiting factors. Little information concerning the effect of 1ysine:DE ratios on lean growth is currently available to corroborate these results because much of the work in this area has examined the effect of protein, not lysine, on lean growth rate and carcass composition. These data do suggest that measurement of urinary nitrogen loss may indeed provide a close approxima-tion of the 1ysine:DE ratio necessary to minimize amino acid degradation, and thus maximum use of nitrogen for lean growth.
The numerical decrease in urinary nitrogen excretion and improvement in apparent nitrogen retention at the 3.75 Mcal of DE level indicates a reduction in amino acid deamination and suggests that at the 3.5 Mcal of DE level there may be insufficient digestible energy available for maximum nitrogen retention, possibly limiting the ability of the growing pig to fully express the genetic potential for lean growth. Although apparent nitrogen retention increased as the DE concentration increased in the nitrogen balance experiment, lean growth rate was unaffected by DE level.
The results of this study indicate that although the rate of growth was unaffected by dietary DE concentration, increasing the DE level of the diet can result in increases in nitrogen retention. Furthermore, when sufficient digestible energy is available, increasing the 1ysine:DE ratio to 3.0 to 3.5 g of lysine/Mcal of DE may further increase nitrogen retention and thus lean growth. The response to 1ysine:DE ratio observed at the 3.75 Mcal of DE level in the nitrogen balance experiment indicates the greatest reduction in amino acid deamination occurs at 3.0 g of lysine/Mcal of DE. The failure to detect a response to increasing lysine: DE ratio at 3.5 Mcal of DE indicates that energy intake may have been limiting nitrogen retention. However, Chiba et al. (1991a) , using a 1ysine:DE ratio that resulted in a lysine-deficient diet, were able to show an increase in nitrogen retention as the 1ysine:DE ratio increased across all DE levels examined. The 3.0 g of lysine/Mcal of DE ratio that maximized nitrogen retention in this study agrees with the findings of Chiba et al. (1991a) .
Previous research with the 50-kg growing gilt has shown nitrogen retention to be maximized by including lysine at .81 g/MJ, or 3.4 g/Mcal of DE (Fuller et al., 1986) . The higher levels of crude fiber in the diets of Fuller et al. (1986) may have somewhat reduced the availability of amino acids (Just et al., 1982b) and, therefore, a rate of lysine inclusion higher than that presented herein would have been necessary to achieve maximal nitrogen retention. Campbell and Taverner (1987) as well as Rao and McCraken ( 1992) have reported that the relationship between energy intake and protein deposition is linear from 45 to 90 kg and 33 to 90 kg, respectively, for restricted-fed boar pigs. Kyriazakis and Emmans ( 1992), however, reported that the relationship between protein intake and protein deposition was of the linear plateau nature, with protein retention being dependent on level of feeding and thus on energy intake. The results of this experiment (Figure 1 ) indicate a linear relationship exists between energy intake and nitrogen retention for the growing barrow. Similar linear relationships between nitrogen retention and energy intake also have been reported in a recent review by Campbell ( 1988) for intact male pigs and lambs. The results of this study indicate, however, that the slope of the linear relationship is not solely dependent on genotype or live weight, as suggested by Campbell (19881, but can also be affected by the 1ysine:DE ratio of the diet. Maximum nitrogen retention for the barrows in this study was approximately 26 g/d and was achieved a t a 1ysine:DE ratio of 3.0 g of lysine/Mcal of DE, slightly lower than the 30 g/d calculated from the data reported by Rao and McCraken (1992) for the growing boar. However, the daily DE and nitrogen intakes offered in this study were lower than those fed by Rao and McCraken (1992) . Reeds et al. (1980) reported that the relationship between nitrogen retention and protein synthesis is linear, and thus the linear responses observed for nitrogen retention to increasing DE intakes at various lysine to energy ratios observed in this study would suggest similar linear responses in protein deposition and lean growth rates from 20 to 50 kg as daily DE intake and 1ysine:DE ratios are altered.
The relationship between nitrogen retention and nitrogen intake has been shown t o be linear and dependent on protein concentration (Berschauer et al., 1983) . A linear plateau relationship between nitrogen balance and nitrogen intake has been reported by Dunkin et al. (1986) for the 75-kg pig. Figure 2 illustrates that the relationship between nitrogen retention and nitrogen intake at 20 kg is linear over the nitrogen intakes offered in this study and the slope is not dependent solely on protein concentration, as reported by Berschauer et al. (1983) , but also may be influenced by the 1ysine:DE ratio within a narrow range of protein concentrations.
Carcass lean in gilts has been shown to increase in response to increases in dietary CP (Cooke et al., 1972b) , with the largest increase observed as the protein level is increased from 15 to 17.5%, thus resulting in a 1ysine:DE ratio of 2.9 g of lysine/Mcal of DE, very near the 3.0 g of lysine/Mcal DE level observed in this study. In a separate study by , carcass lean of gilts and barrows improved substantially only with the first increase in CP from 14 to 17%, resulting in a 1ysine:DE ratio of 2.7 g of lysine/Mcal of DE. The DE levels fed in this experiment were, however, very high compared with the DE level fed in the study by Cooke et al. (1972b) or Lodge et al. (197213) . Growth and lean deposition rates in this experiment were substantially higher than those observed by Cooke et al. (1972b) or Lodge et al. (1972b) , thus indicating the scope of improvement genetic selection has achieved in recent years. An exact 1ysine:DE ratio cannot be attained from the results of these studies because although growth rates and carcass lean percentage may have been maximized near 17% CP, further supplementation with lysine may have resulted in additional increases as observed in the study presented herein. Based on these studies, the protein level of the diets fed in this study should have been sufficient to maximize lean tissue accretion. The results of Cooke et al. (1972b) and Lodge et al. (1972b) suggest that although the genetic potential for the growing pig for lean tissue deposition has improved with time, perhaps the optimal protein level and(or) 1ysine:DE ratio may not have been appreciably altered.
Information pertaining to the effect of energy and protein level on protein deposition rates is more abundant than for lean growth rates; however, similar problems arise in that the vast majority of these studies involved numerous protein and DE levels. The studies of Cooke et al. (1972a,b) and Lodge et al. (1972a,b) examined the effect of protein level on carcass lean and fat composition at 60 kg. Later studies by Campbell et al. (1985 Campbell et al. ( , 1988 examined the effect of feeding level and protein concentration on protein deposition in the intact male pig from 20 to 45 kg. Campbell et al. (1985 Campbell et al. ( , 1988 found that 17.5% CP, or 3.2 g of 1ysineMcal of DE, would maximize protein deposition in the boar regardless of feeding level.
Although it is known that the intact male has a higher potential for protein deposition, and thus lean growth, than gilts or barrows, the findings of Cooke et al. (1972a,b) , Lodge et al. (1972a,b) , and Campbell et al. (1985 are all in close agreement on the protein level needed to maximize lean or protein deposition regardless of sex. Thus, the CP level of the diets used in this study should have provided sufficient protein for maximal lean and protein deposition at all levels of DE (Cooke et al., 1972a,b; Campbell et al., 1985 Campbell et al., , 1988 Chiba et al., 1991b) . The protein deposition rates reported by Campbell et al. (1985) for boars fed 3.3 times maintenance are in close approximation with the results obtained in this study for barrows and gilts given ad libitum access to feed, thus indicating that even 3.3 times maintenance may not have been sufficient to fully express the intact male's potential for protein deposition. More recent studies by Chiba et al. (1991b) also confounded the effects of a 1ysine:DE ratio by altering the protein level. However, through regression analysis, they concluded that the optimal 1ysine:DE ratio for maximal protein deposition was 3.0 g of lysine/Mcal of DE, an observation similar to the range of 3.0 to 3.5 g of lysine/Mcal of DE observed in this experiment. The results of the present experiment indicate that the rate of fat deposition may increase as the rate of lean and protein deposition increases; however, these data contradict those of Chiba et al. ( 199 l b ) in which a decrease in backfat depth and rate of fat deposition t o 3.4 g of IysineMcal of DE regardless of energy level was reported. This response (Chiba et al., 1991b) was probably caused more by pigs reaching the optimum protein level than by 1ysine:DE ratio (Cooke et al., 1972a,b; Lodge et al., 1972a,b; Campbell et al., 1985 Campbell et al., , 1988 ). Regardless of sex or energy level, lean growth and protein deposition rates improved in response t o increases in the 1ysine:DE ratio. These results indicate a 1ysine:DE ratio of 3.0 to 3.5 g of 1ysineMcal of DE is required to maximize lean and protein deposition ( Table 5 ) . The data suggest that maintaining the appropriate 1ysine:DE ratio becomes more important as DE concentration of the diet increases. Failure to supply the appropriate ratio of 1ysine:DE may suppress rates of lean and protein deposition, and ensuring the optimum 1ysine:DE ratio can result in a marked improvement in these response criteria, especially at the higher energy levels.
Implications
The results of this study indicate that an optimum 1ysine:digestible energy ( D E ) ratio does exist and can be determined without appreciably altering the crude protein level of the diet. Increasing the energy level of the diet may result in an increased rate of lean tissue deposition from 20 to 50 kg and thus increase the total fat free lean composition of the animal at 50 kg, and possibly at market, if the appropriate 1ysine:DE ratio is maintained. It would be desirable to validate the results of this study with various genotypes and over a wider range of 1ysine:DE ratios and DE levels. AOAC. 1980 
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